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Abstract
Intracranial aneurysm (IA) is an abnormal focal dilation of an artery in the brain that results from a weakening of the inner
muscular layer of a blood vessel wall. IAs represent the most common etiology of nontraumatic subarachnoid hemorrhage
(SAH). Despite technological advances in the treatment and use of new diagnostic methods for IAs, they continue to pose a
significant risk of mortality and disability. Thus, early recognition of IA with a high risk of rupture is crucial for the stratification
of patients with such a formidable disease. MicroRNAs (miRNA) are endogenous noncoding RNAs of 18–22 nucleotides that
regulate gene expression at the post-transcriptional level through interaction with 3′-untranslated regions (3′UTRs) of the target
mRNAs. MiRNAs are involved in the pathogenesis of IAs, including in the mechanisms of formation, growth, and rupture. It is
known that in many biological fluids of the human body, such as blood or cerebrospinal fluid (CSF), numerous miRNAs, called
circulating miRNAs, have been detected. The expression profile of circulating miRNAs represents a certain part of the cells in
which they are modified and secreted in accordance with the physiological or pathological conditions of these cells. Circulating
miRNAs can be secreted from cells into human biological fluids in extracellular vesicles or can be bound to Ago2 protein, which
makes them resistant to the effects of RNAse. Therefore, circulating miRNAs are considered as new potential biomarkers of
interest in many diseases, including IA.
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Introduction

The prevalence of intracranial aneurysms (IAs) in the general
population is estimated to be 2–5% [1]. IAs are most often
found in places of separation of arteries, where high shear
stress on the vascular wall affects. Histologically, IAs have

lost the inner elastic plate of the vessel wall, which separates
the intima from the concentric smooth muscle layer called the
media. Therefore, the loss of elastic fibers contributes to the
protrusion of the remaining layers of the vessel [2]. Most IAs
remain asymptomatic throughout the patient’s life. However,
rupture of the aneurysm and subsequent subarachnoid hemor-
rhage (SAH) is associated with 70% mortality and 30–50% of
survivors remain disabled [3]. The diagnosis of IAs is current-
ly based on imaging techniques such as computed tomogra-
phy angiography (CTA), magnetic resonance angiography
(MRA), and selective cerebral angiography (SCA). In contrast
to tumors, which have many specific and non-specific plasma
or serum markers that can be used both for diagnosis, prog-
nosis, and monitoring of therapy, there are no established non-
invasive biomarkers for patients with IAs [4]. Patients with a
family history of cases of SAH associated with rupture of an
aneurysm (aSAH) (two or more first-degree relatives of kin-
ship) have a significant risk of detecting IAs and the risk of
aSAH [5, 6]. A number of studies have shown that early de-
tection with MRA and treatment of revealed IAs in such
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people reduced the risk of rupture of aneurysms [5–7]. Other
studied groups of people in these studies included patients
with one first-degree relative with aSAH, patients who suf-
fered an episode of aSAH, and people with modified risk
factors. In these patient populations, screening with MRA is
less or less cost-effective. The inefficiency of screening using
MRA to identify all individuals with a high risk of rupture of
aneurysms underscores the need for new screening methods to
detect IAs or IAs with a high risk of rupture. Taking into
account that CTA/MRA and /SCA are either unavailable or
do not give obvious signs of a possible rupture of IAs, accu-
rate and reliable analysis of the profile of circulating miRNAs
in biological fluids can help in the early diagnosis and predic-
tion of rupture, as well as probable mortality and morbidity or
prognostic outcome of patients with aSAH in order to stratify
patients entering medical institutions.

MicroRNAs (miRNAs) are a class of small, endogenous
RNAs of 18–22 nucleotides in length that inhibit gene expres-
sion at the post-transcriptional level by binding to the 3′-un-
translated region (3′-UTR) of mRNAs-targets (Fig. 1) [8].
MiRNAs are involved in almost all biological processes, in-
cluding cell proliferation, apoptosis, and cell differentiation
[8, 9]. There are a number of studies that have shown a direct
relationship between miRNAs and the formation and devel-
opment of IAs (Table 1) [10–20]. Most miRNAs are
expressed within the cells themselves. However, in many bi-
ological fluids of the human body, such as blood and cerebro-
spinal fluid (CSF), numerous miRNAs, called circulating
miRNAs, have been found [21]. To date, there are three
known ways of secretion of circulating miRNAs: (1) passive
secretion from damaged cells due to apoptosis or necrosis; (2)
active secretion using extracellular vesicles (EV); (3) active
secretion using an RNA-binding protein-dependent pathway
[22] (Fig. 1). Such miRNAs are resistant to nucleases, which
makes them attractive as potential biomarkers. The expression
profile of circulating miRNAs varies significantly with vari-
ous human diseases, including cardiovascular diseases [23].
The detection of changes in the expression of circulating
miRNAs in IAs suggests the creation of new diagnostic and
prognostic markers. Meanwhile, the analysis of miRNA target
genes could open new horizons in understanding the patho-
genesis and treatment of IAs. In this study, we review current
knowledge regarding circulating miRNAs for IAs and aSAH,
with the aim of better understanding the functions of miRNAs
in this pathology and the potential introduction of circulating
miRNAs as new biomarkers in clinical practice.

Literature research strategy

We performed a comprehensive search for original papers
demonstrating the diagnostic and prognostic power of circu-
latingmiRNAs in IAs. Databases including PubMed, Embase,

the Cochrane Library Database, and Google Scholar were
used to obtain all relevant studies up to September 2020.
Key words including “intracranial aneurysm” or “subarach-
noid hemorrhage” or “vasospasm” or “rupture” or “pathogen-
esis”, “microRNA” or “miRNA” or “miR” or “non-coding
RNA” or “exosome” and “plasma” or “serum” or “circulat-
ing” or “blood” or “biomarker”. In addition, a reference list of
each relevant study was manually searched to obtain other
valuable articles. The flow chart of the systematic review is
shown in Fig. 2.

Circulating miRNAs as biomarkers

To date, several biomarkers for IAs have been investigated.
These include various immunological, genetic, inflammatory
biomarkers, as well as factors associated with angiogenesis or
cell adhesion [24]. No biomarker was found that could inde-
pendently predict the formation, progression, and rupture of
IAs. Circulating miRNAs as non-invasive biomarkers of IAs
are less studied (Table 2), although they may be more sensi-
tive and accurate in the diagnosis and prognosis of unruptured
IAs and ruptured IAs: (1) non-invasive detection technique;
(2) circulating miRNAs are very stable and have a long half-
life in the sample; (3) the profile of circulating miRNAs may
exhibit high specificity depending on tissue and disease; (4) a
change in the profile of certain circulating miRNAs can detect
IAs associated with a high risk of rupture; (5) circulating
miRNAs as a promising tool for faster and more accurate
diagnosis of stroke subtypes (aSAH from spontaneous
SAH); (6) can be detected in the early stages of the develop-
ment of the disease, whereas protein biomarkers are detected
in biofluids only when a significant part of the damage has
already occurred; and (7) due to their small size and chemical
composition, circulating miRNAs are less complex molecules
than most biological molecules in the blood or CSF, which
simplifies the analysis [21–23, 48].

Circulating miRNAs for unruptured and ruptured IAs

Sheng et al. demonstrated that a high level of expression of
circulating miR-1297 in the serum of patients with aSAH was
associated with a poor prognosis [25]. The study involved a
total of 552 serum samples: 128 aSAH patients and 40 healthy
controls. In their study, they found a change in serum miR-
1297 expression at the four time points (24, 72, and 168 h; and
14 days). Higher expression levels of serum miR-1297 were
demonstrated after 24 and 72 h. The areas under ROC curve
(AUCs) of miR-1297 at the four time points for distinguishing
the aSAH patients from healthy controls were 0.80, 0.94, 0.77,
and 0.59, respectively. These findings suggest that serum
miR-1297 had a high power to distinguish aSAH patients
from healthy controls, especially at 72 h after aSAH. In
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addition, in aSAH patients, serum levels of miR-1297 at these
four time points negatively correlated with aSAH severity as
scored by WFNS grade. Sheng et al. also tried to check the
change in the expression of the circulating miR-502-5p in the
serum of aSAH (n = 129) patients at the four time points (24,
72, and 168 h; and 14 days) [26]. They demonstrated that the
serum levels of miR-502-5p in aSAH patients increased at
first 24 h post-aSAH when compared with healthy controls
(n = 40), and peaked at 168 h or 7 days. Notably, from day 7 to
day 14, expression levels of circulating miR-502-5p de-
creased. In another study, expression levels of circulating
miR-502-5p, miR-4320, and miR-1297 in the serum were
markedly increased in the aSAH patients (n = 63) compared
with the controls (n = 13) with the AUC value of 0.958, 0.843,
and 0.950 respectively [27]. They also found that the expres-
sion of the serum levels of miR-502-5p and miR-1297 in
aSAH patients with higher WFNS grade was higher than that
with lowerWFNS grade. The authors developed and validated
a novel diagnostic and prognostic tool based on serum miR-
502-5p and miR-1297 for aSAH.

The mir-143/145 cluster is fairly extensively studied in vas-
cular biology and the pathophysiology of cardiovascular

disease. And the underpinning biogenesis and processing of
the miR-143/145 cluster has been extensively studied by dif-
ferent research groups [49, 50]. Feng et al. analyzed the rela-
tionship between plasma miR-143/145 and serum matrix
metalloproteinase-9 (MMP-9) levels in 24 patients with
unruptured or ruptured IAs [28]. Serum and plasma were iso-
lated femoral artery blood after they were punctured for DSA. It
has been shown that plasma levels of miR-143/145 were sig-
nificantly lower in patients with IAs than in healthy controls.
Serum levels of MMP-9 were significantly higher in patients
with ruptured IAs than in patients with unruptured IAs and
healthy controls. However, plasma levels of miR-143/145 were
not significantly correlated with serum MMP-9 levels. Lower
plasma levels of the miR-143/145 cluster may be associated
with IA formation and higher serum levels of MMP-9 may be
associated with IA rupture. In addition, Xu et al. confirmed that
the serum levels of the miR-143/145 cluster were significantly
decreased in IAs patients compared to that of healthy controls,
indicating that the miR-143/145 cluster could be involved in
the formation and progression of IAs [16].

MiR-155 has been reported to participate in the process of
vascular remodeling, which is critical for complex adaptive

Fig. 1 The primary miRNA transcript (pri-miRNA) is first transcribed in
the nucleus by RNA polymerase II, which is subsequently cleaved by
Drosha/DGCR8 proteins into a miRNA precursor (pre-miRNA). Pre-
miRNA is exported from the nucleus to the cytoplasm of the cell using
the Exportin-5 protein and loaded onto Dicer; then the loop of pre-
miRNA is cleaved, forming a double-stranded structure consisting of
mature miRNA and antisense miRNA (miRNA duplex). The latter
usually degrades, while the master strand of the mature miRNA is
incorporated into the miRNA-induced silencing complex (RISC), which

leads to the suppression of gene expression by binding to the 3′-
untranslated region (3’-UTR) of specific mRNA targets. In turn,
miRNAs can be exported from cells into biological fluids as part of
extracellular vesicles (active secretion through exosomes and
microvesicles) and be associated with RNA-binding proteins (mRBPs),
in particular with proteins Argonaute 2 (miRNA-Ago2 complex).
MiRNAs can also be found in apoptotic bodies and are associated with
high-density lipoproteins (HDL)

Neurosurg Rev



reactions in cardiovascular diseases, including IAs [20, 51].
For example, Yang et al. found the relative expression of miR-
155 was upregulated in the tissue specimens of unruptured IA
patients compared with hat in the tissue specimens of ruptured
IA patients [20]. Besides the authors identified matrix
metalloproteinase-2 (MMP-2) as a potential target of miR-
155, with a possible binding site located in the 3′-UTR of
MMP-2. In addition, the results showed that the relative ex-
pression of serum miR-155 was upregulated in the unruptured
IAs group patients (n = 46) compared with that in the ruptured
IAs group patients (n = 48). This evidence suggests that a
change in the expression of serum miR-155 may serve to
predict a rupture IA. Wang et al. reported a close association
between increased expression of circulating miR-29a in plas-
ma and rupture IA, Hunt-Hess level, and surgical timing [29].
Furthermore, patients with low miR-29a expression had lon-
ger disease-free survival and overall survival than those with
high miR-29a expression. Using the real-time quantitative re-
verse transcription–polymerase chain reaction (qRT-PCR),
Meeuwsen et al. identified the three specific circulating
miRNAs, miR-183-5p, miR-200a-3p, and miR-let-7b, that

can discriminate between IAs patients (n = 11) and healthy
controls (n = 15) [30]. However, circulating miR-200a-3p lev-
el was increased only in aSAH patients (n = 15), and not in IA
patients, which might suggest that miR-200a-3p influences
the risk of rupture IA. Maybe these circulating miRNAs may
be used biomarkers for identifying individuals at high risk of
IA development and its subsequent rupture. In plasma sam-
ples of 40 IA patients (20 unruptured and 20 ruptured), a
microarray study identified 20 circulating miRNAs that were
unanimously changed in both ruptured and unruptured pa-
tients [31]. The authors further performed quantitative real-
time polymerase chain reactions for selected target
microRNAs. Among PCR-detectable circulating miRNAs,
miR-16 and miR-25 levels were significantly higher in IA
patients. Both circulating miR-16 and miR-25 were good pre-
dictors for IA, with AUC being 0.857 and 0.852 respectively.
These results suggest that circulatingmiR-16 andmiR-25may
be used as novel biomarkers in assessing the likelihood of
occurrence of IAs in high-risk individuals.

Supriya et al. demonstrated that the expression of plasma
(peripheral venous blood) miRNAs was significantly altered

Fig. 2 The flow chart of study
section
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in patients with aSAH (n = 20) and identified 8 circulating
miRNAs that could serve as candidate biomarkers for IA rup-
ture [32]. Study showed that 3 upregulated miRNAs (miR-
15a-5p, miR-34a-5p, and miR-374a-5p) and 5 downregulated
miRNAs (miR-146a-5p, miR-376c-3p, miR-18b-5p, miR-24-
3p, and miR-27b-3p) with high predicted probability. Further,
the expression levels of the 8 candidate circulating miRNAs
were significantly dysregulated only in aSAH cases and not in
patients with SAH due to other causes (n = 25) and control
group (n = 20). Herewith circulating miR-146a-5p and miR-
27b-3pwere associatedwith clinical outcomes in patients with
aSAH. In addition, Gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway anal-
ysis revealed that these miRNAs interact with 2896 genes, and
pathway enrichment analysis of target genes showed that
these were involved in transforming growth factor-β,
mitogen-activated protein kinase, focal adhesion, and the
phosphoinositide 3 kinase/protein kinase B signaling path-
way. Thus, the authors hypothesize that the identified differ-
entially expressed candidate miRNAs may play pivotal roles
in IAs pathology by regulating many signaling pathways re-
lated to inflammation.

Morga used next-generation sequencing (NGS) to analyze
the expression of multiple classes of small RNAs (sRNAs) in
venous whole blood of patients groups in the acute phase of
IA rupture (first 72 h) (n = 19), in the chronic phase (3–
15 months) (n = 20), and controls (n = 20) [33]. They identi-
fied 542 differentially expressed sRNAs, where 90 miRNAs,
among the studied groups with notable differences in upregu-
lated and downregulated sRNAs between the groups and
sRNAs categories. MiRNAs showed a substantial increase
in RNA abundance that was sustained after IA rupture partic-
ularly the chronic phase after IA rupture. If the results are
further validated, there is a translational clinical potential in
the presented observations. Namely, levels of sequences of
miRNAs could serve as potential IA biomarkers; however,
further studies are needed. Subsequent studies further demon-
strated change expression of circulating miRNA using NGS in
patients in the acute phase of IA rupture (first 72 h) (n = 19), in
the chronic phase (3–15months) (n = 20), and in controls (n =
20) [34]. The authors found that 106 circulating mature
miRNAs and 90 miRNA precursors were differentially
expressed in venous whole blood among the groups. The reg-
ulated miRNAs were involved in a variety of pathways, and
the top pathway involved cytokine-cytokine receptor interac-
tions. By using different tools, including WikiPathways, GO,
and Human MicroRNA Disease Database (HMDD), they
were identified that these miRNAs targeted the inflammatory
factors high mobility group box 1 protein (HMGB1) and fas
ligand gene (FASLG). These results may aid in the elucidation
of the mechanisms that orchestrate the inflammatory response
to IA rupture and studying these circulating miRNAs as po-
tential biomarkers.

MiR-126 is one of the most abundant miRNAs in ECs and
plays a crucial role in regulating the function of ECs [52]. The
transcription of miR-126 is regulated by several transcription-
al factors, such as Krueppel-like factor 2 (KLF2) [52]. MiR-
126 deficiency causes leaky vessels and hemorrhage because
of loss of vascular in vivo, partly mediated by direct targeting
of negative regulators of vascular endothelial growth factor
(VEGF) signaling [53]. In one of the studies was determined
that circulating miR-126 can be used as a potential diagnostic
biomarker for IA and a predictive biomarker for judging IA
rupture by detecting the expression of miR-126 in the serum
received from peripheral venous blood of 102 IA patients
[35]. The multi-factor analysis using the Lagrangian
Relaxation (LR) method showed that the lesion size and cir-
culatingmiR-126 expression were independent risk factors for
IA patients rupture. In addition, through enrichment results of
GO and KEGG, they found that miR-126 target genes are
mainly enriched in biological functions, such as nucleus, tran-
scription, DNA-templated, transcription factor activity,
sequence-specific DNA binding, protein binding, and phos-
phatidylinositol phosphorylation, etc. KEGG analysis found
that miR-126 target genes were significantly enriched in 44
pathways, such as the MAPK signaling pathway. And it is
worth noting that the MAPK signaling pathway is expressed
in ECs, VSMCs, and can also regulate vascular signal trans-
duction pathways [54].

Powers et al. collected CSF via ventriculostomy from 8
patients with aSAH daily from days 3–12 post-aSAH [36].
There were 8 samples of aSAHCSF at each of the time points.
At the same time, the authors carried out hierarchical cluster-
ing revealed two large clusters of miRNAs: one that contained
miRNAs known to be present in CSF and decreased abun-
dance over time and a second that showed increased abun-
dance over time. In the first cluster, the overall downward
trend was typified by the abundance of miR-92a and let-7b.
In the second cluster, the overall increase over time was typ-
ified by the abundance of miR-491. These results were con-
firmed with quantitative qRT-PCR. These circulating
miRNAs may have pleiotropic effects on brain injury and
the brain’s response to injury.

Circulating miRNAs and vasospasm

The main causes of death of patients with rupture of IAs are
the direct effect of the spilled blood or SAH, hydrocephalus,
and late cerebral ischemia (LCI) arising from vasospasm [3].
If the first two reasons are handled more successfully due to
the improvement of the microsurgical technique for aneurysm
operations andmethods of controlling hydrocephalus, then the
leading place among the complications is vasospasm and as-
sociated LCI [7]. Since cerebral vasospasm is a transient com-
plication, its timely detection and prompt intervention can
prevent LCI. It is known that the mechanism of vasospasm
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after aSAH is based on a significant decrease in the level of
nitric oxide (NO). NO is critical for the regulation of normal
vascular tone, as a mediator of vasodilation, and the enzyme
nitric oxide synthase (NOS) synthesizes NO. The causative
role of NO in its occurrence is evidenced by the disappearance
of NO synthase in vascular adventitia during a spasm, as well
as the destruction of NO by hemoglobin, which is released
from blood clots in the subarachnoid space [55]. Li et al. re-
vealed a negative correlation between the expression levels of
miR-24 and NOS3 mRNA in vascular tissue samples of pa-
tients with aSAH (n = 29), confirming the negative regulatory
relationship between miR-24 and NOS3 [56]. In the present
study, transfection with a miR-24 inhibitor increased the ex-
pression levels of NOS3, whereas transfection with a miR-24
mimic or NOS3 siRNA decreased NOS3 expression levels
in vitro. In addition, miR-24 expression levels were increased
in aSAH patients with vasospasm (n = 13) compared with
those without (n = 16), whereas the opposite results were ob-
served for NOS3. ASAH may cause changes in miR-24 ex-
pression in the cerebral arteries, which, once released into the
bloodstream, can act as new biomarkers for assessing the risk
of cerebral vasospasm and/or LCI, but all this requires addi-
tional studies.

Using NGS, Pulcrano-Nicolas et al. performed profiling
circulating miRNAs in venous whole blood between vaso-
spasm patients with aSAH and patients who did not develop
vasospasm in a prospective cohort of 32 patients [57]. This
study revealed that increased miR-3177-3p levels were asso-
ciated with vasospasm risk in patients with aSAH. They also
observed that this increase in miR-3177-3p levels was accom-
panied by a decrease in lactate dehydrogenase-A (LDHA)
gene expression. LDHA expression in cerebral vascular endo-
thelial cells was demonstrated to be influenced by hypoxia,
where hypoxia is a key regulatory mechanism involved in
vasospasm [37].

Su et al. compared the circulatingmiRNAs profiles of aSAH
patients and healthy individuals (n = 20), and the circulating
miRNAs profiles of aSAH patients with (n = 20) and without
LCI (n = 20) [38]. In plasma isolated from peripheral venous
blood of aSAH patients with LCI, a microarray study indicated
that 99 circulating miRNAs were significantly dysregulated.
Eighty-one circulating miRNAs were upregulated and 18 were
downregulated. However, miR-132-3p and miR-324-3p
showed distinctive upregulation in plasma of patients with
LCI and in Non-LCI patients. From the ROC curve of miR-
324, AUC was 0.97 for LCI patients and 0.96 for Non- LCI
patients. MiR-132 gave an AUC of 0.75 for LCI patients and
0.73 for Non- LCI patients. The authors suggested that circu-
lating miR-324-3p and miR-132 might be potential predictive
biomarkers for rupture IAs and prognostic for LCI. Kikkawa
et al. showed the time course of changes in the expression of
circulating miR-15a and Krueppel-like factor 4 (KLF4) in the
CSF and plasma (peripheral venous blood) following 8 patients

with aSAH [39]. The expression level of miR-15a was in-
creased in the CSF and plasma with a peak on days 3 and 5,
respectively. Intriguingly, in the present study, KLF4 was dra-
matically decreased prior to the peak of miR-15a elevation both
in the plasma and in CSF. Their results suggest that an early
and persistent decrease in KLF4 followed by an increase in
circulating miR-15a may contribute to vascular proliferation
or angiogenesis, resulting in cerebral vasospasm.

Microarray analysis, using the plasma samples isolated
from peripheral venous blood on three different stages (after
the onset of SAH, the peak period of vasospasm and vaso-
spasm dissipation phase) of patients with aSAH (20 patients
with Hunt-Hess I-III), indicated that 2549 circulatingmiRNAs
detectable in the plasma of the 9 sample pools [40]. In addi-
tion, according to the pathological development of aSAH, was
selected three candidate circulating miRNAs (miR-3195,
miR-4788, and miR-1914 by using the following filter condi-
tions: (1) increase in the peak period of vasospasm compared
with aSAH patients after the onset; and (2) decrease in vaso-
spasm dissipation phase compared with the peak period of
vasospasm. Furthermore, these circulatingmiRNAs were con-
firmed by qRT-PCR, where the expression levels of miR-
3195, miR-4788, and miR-1914 were significantly higher in
Phase II while could be decreased in Phase III of aSAH.
CombinedAUC in Phase I and Phase II was 0.976, while from
Phase II to Phase III, the Combined AUC was 0.902, respec-
tively. These data provide evidence that circulatingmiR-3195,
miR-4788, and miR-1914 have the potential to be sensitive,
cost-effective biomarkers for the dynamic monitoring of the
development of aSAH.

In another study, Lopes et al. collected 33 peripheral whole
blood samples (14 patients with vasospasm after aSAH, 13
patients without vasospasm after aSAH, and 6 healthy con-
trols) [41]. Then, were performed NGS platform using a glob-
al circulating miRNAs expression analysis profile. Using
NGS and qRT-PCR 8 miRNAs was found differentially
expressed in aSAH patients, 3 being upregulated (miR-146a-
5p, miR-589-5p, and hsa-miR-941) and 5 being downregulat-
ed (let-7f-5p, miR-126-5p, miR-17-5p, miR-451a, and miR-
486-5p). In addition, circulating miR-486-5p was the most
abundantly expressed and is associated with poor neurological
admission status. These novel circulating miRNAs were pre-
dicted to be expressed only in aSAH, suggesting possible
involvement in IA pathogenesis. For example, miR-146a-5p
is involved in the regulation of inflammation and the regula-
tion of innate immune responses in monocytes and macro-
phages. Also, Bache et al. reported a relative increase in cir-
culating miR-146a-5p, miR-21, and miR-221 expression in
CSF from 27 aSAH patients with LCI, compared with those
without LCI. These findings may help the identification of
novel biomarkers of clinical interest [42].

In the CSF of patients after aSAH (10 samples with vaso-
spasm and 9 samples without vasospasm) and 4 control
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patients, a microarray study indicated that 256 circulating
miRNAs were differentially expressed [43]. CSF was collect-
ed daily: for the patients, the period ranged from 1 to 18 days.
Among these miRNAs, 36 miRNAs exhibited fold change
with a significant difference and undertook further examina-
tion to determine their target genes. Eighteen miRNAs of sig-
nificantly differentially expressed were located within a single
comparison group. They included miR-301a-3p, miR-378d,
miR-137, miR-320e, miR-346, miR-514-3 pm, miR-521,
miR-624-3p, miR-708-5p, miR-1244, miR-2117, miR-4521,
miR-302a-3p, miR-548I, miR-566, miR-27a-3p, miR-516a-
5p, and miR-1197. However, miR-451a showed significantly
increased fold changes in a number of group comparisons.
The authors observed lower expression levels of circulating
miR-451a in patients who experienced aSAHwith vasospasm
(Day 1 samples) to patients who experienced aSAH without
vasospasm. However, circulating miR-451a levels were also
observed to increase in CSF samples analyzed post-Day 1
(Days 4–7 post-aSAH) from patients who experienced
aSAH with vasospasm, which may counteract the early onset
of a vasospastic phenotype linked to the phosphorylation of
AMPK pathway components [58].

We believe that future studies with miRNAs should focus
on the main and preventable cause of death and complications
in patients with aSAH: cerebral vasospasm and/or LCI.
Because, at present, the actual relationship between miRNA
and cerebral vasospasm and/or LCI is still completely un-
known, given that some patients suffering from cerebral va-
sospasm develop LCI, while in other patients with vasospasm
- no. Therefore, the identification of new miRNAs and their
targets will allow us to understand this mechanism after aSAH
and to develop new biomarkers for circulating miRNAs for
timely therapeutic intervention.

Exosomal miRNAs and IAs

Exosomes are small membrane vesicles of endosomal origin
with a diameter of 30 to 100 nm. Exosomes participate in
intercellular interaction, delivering their contents, like
miRNAs, to target cells by direct contact between or without
cells, and thereby affecting physiological and pathological
processes [59, 60]. There are a number of studies proving
the direct role of exosomal miRNAs in the development and
progression of IAs [44, 45, 61].Moreover, exosomal miRNAs
can become excellent biomarkers for IAs. Feng et al. investi-
gated the possible role of tumor-associated macrophage
(TAM)-derived exosomes carrying miR-155-5p in the forma-
tion of IAs [60]. In their study was that miR-155-5p was
highly expressed in TAM-derived exosomes. They also con-
cluded miR-155-5p might be involved in the regulation of the
proliferation and migration of VSMCs. Exosomes derived
from TAMs transfected with miR-155-5p inhibitor have sup-
pressed proliferation and migration of VSMCs in vitro. In a

previous study, VSMCs-derived exosomes mediate the trans-
fer miR-155 fromVSMCs to ECs, which, in turn, destroys the
integrity of endothelial barriers, leading to increased endothe-
lial permeability and enhanced atherosclerotic progression
[40]. Therefore, exosomal miR-155 plays an important role
in the pathogenesis of IAs. Therefore, future studies with
exosomal miR-155 should be aimed at finding new bio-
markers for early diagnosis of IAs.

NGS analysis, using the plasma of patients with IAs, re-
vealed that 181 miRNAswere identified to be differently [44].
Where 9 and 20 miRNAs were up-regulated, whereas 20 and
10 miRNAs were down-regulated in 69 patients with
unruptured IAs (n = 30) and ruptured IAs (n = 39) compared
with 30 healthy controls. In addition, 92 miRNAs were up-
regulated, and 29 were down-regulated in patients with
unruptured IAs compared with ruptured IAs. Furthermore, 2
circulating exosomal miRNAs (miR-145-5p and miR-29a-3p)
were confirmed by qRT-PCR with significantly up-regulated
in patient’s plasma (peripheral venous blood) with unruptured
and ruptured IAs. Most importantly, these miRNAs were of
exosomal origin. This study investigated the exosome-derived
miRNAs profiles in plasma from patients with IAs. ROC
curve analysis showed that the AUC of miR-145-5p and
miR-29a-3p was 0.737 and 0.791, respectively. In a previous
study, demonstrated that miR-29a may contribute to the pro-
gression of IAs by regulating the mitochondrial apoptotic
pathways [13]. Circulating exosomal miR-145-5p and miR-
29a-3p profiles can serve as biomarkers for diagnosis and
prognosis IAs. The next study was to evaluate the relationship
of brain microvascular endothelial cells (BMECs) function
and the exosomal miR-630 expression after aSAH [45]. The
authors demonstrated that the expression of miR-630 was
markedly reduced in the arterial blood-cerebrospinal fluid
(BCSF) treated BMECs and the same phenomenon occurred
in CSF of aSAH patient compared with normal hydrocephalus
as control patients. In addition, the expression of ICAM-1,
VCAM-1, and ZO-1 was then increased in BMECs co-
cultured with exosomes transfected by miR-630 mimics.
The decreases of ZO-1, ICAM-1, and VCAM-1 in BMECs
reflect the ECs barrier protection dysfunction. This indicated a
significant role of exosomal miR-630 in activating tight junc-
tion between cerebral vascular ECs which is the structural and
functional base of the blood–brain barrier (BBB). Exosomal
circulating miR-630 in CSF can certainly be used to study the
pathological changes of cerebral microcirculation and be pro-
posed as a potential biomarker for prognosis aSAH.

Another study demonstrates the potential of 25 circulating
miRNAs derived from exosomes as biomarkers for differen-
tiating between stroke subtypes including aSAH [46]. In this
study was collected plasma samples from subjects suffering
from aSAH (n = 17), intracerebral hemorrhage (ICH) (n = 19),
and ischemic stroke (IS) (n = 21). LASSO analyses predicted
a 24 circulating miRNAs classifier with an AUC of 0.977 and
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an accuracy of 0.944 and 21 circulating miRNAs classifier
with an AUC of 0.895 and an accuracy of 0.968 for discrim-
inating aSAH from ICH and IS, respectively. In the 25 circu-
lating miRNAs with the largest fold change, aSAH tended to
be the most divergent subgroup. Among the 25 circulating
miRNAs tested for aSAH, 20 upregulated and 5 downregulat-
ed. The utility of these circulating miRNAs as biomarkers to
differentiate between stroke subtypes suggests that they could
be developed into a point-of-care (POC) test that can be ad-
ministered in the clinical to assist with diagnosis and patient
triage. Further clinical testing of these circulating miRNAs
panels can enhance the care of patients suffering from a stroke.

Lai et al. used NGS to define the global exosomal miRNAs
profile in plasma of 3 aSAH patients and 3 healthy controls
[47]. NGS permitted identification of a group of exosomal
miRNAs that were differentially expressed in aSAH patients,
yielding 6 circulating miRNAs that were significantly differ-
entially expressed in aSAH patients compared to healthy con-
trols: miR-369-3p, miR-136b-3p, miR-410-3p, miR-195-5p,
miR-486-3p, and miR-193b-3p. In addition, the authors argue
that confirmed these results through qRT-PCR of plasma sam-
ples from 10 patients with aSAH and 10 healthy controls.
qRT-PCR confirmed that 4 exosomal miRNAs (miR-369-
3p, miR-410-3p, miR-193b-3p, and miR-486-3p) showed sig-
nificantly differential expression between the experimental
group (24 h post-aSAH) and healthy controls. To further con-
firm the significance of the observed differences in exosomal
miRNAs expression, the expression of exosomal miR-193b-
3p in plasma remained statistically significant relative to con-
trols in a mice aSAH model, whereas expression levels of
miR-193b-3p were lower than controls in brain tissues of
aSAH mice. Besides the authors suggested that RVG-
exosomes containingmiR-193b-3pmay weaken neuroinflam-
mation by suppressing the expression and the activity of
HDAC3 and increasing NF-κB p65 acetylation after aSAH
in vitro. Further studies are required to account for the benefits
of exosomal miR-193b-3p as a biomarker.

Circulating miRNAs have emerged as attractive bio-
markers since they are obtained through a non-invasive man-
ner and have been reported to serve as diagnostic and prog-
nostic tools for many human diseases, including IAs.
However, many circulating miRNAs are passively released
from apoptotic and necrotic cells and therefore may not pre-
cisely reflect the biological changes that occur in IAs. In con-
trast, different cell types, including ECs and VSMCs, actively
secrete exosomes into the blood or CSF and they play a role in
cerebrovascular protection and repair through miRNAs trans-
fer [62]. Exosomes are a natural nanocarrier and intercellular
messenger that plays a key role in the regulation of intercellu-
lar communication. Active interactions between EC and
VSMC are critical to modulate the process of IA formation.
This indicates that exosomes carry specific miRNAs as well as
their miRNAs biogenesis machinery. Therefore, circulating

exosomal miRNAs may truly represent specific molecular
biomarkers compared with other circulating miRNAs.
Indeed, several companies have initiated the development of
exosome-based diagnostics. For example, a sensitive diagnos-
tic of prostate cancer based on analysis of exosomal proteins
was recently launched (http://www.CarisLifeSciences.com).
It makes sense to develop molecular diagnostic tests based
on exosomal miRNAs for use in personalized medicine. The
main focus thus far is on oncology or diagnostic of the
nervous system through exosome-based technology platforms
(http://www.ExosomeDx.com; http://www.HansaBioMed.
eu). Given that populations of exosomes in biological fluids
are heterogeneous and can originate from all types of cells,
especially blood cells, future research should determine the
origin of exosomes present in biological fluids and whether
exosomal miRNA levels correlate with specific cellular
components of IA.

Future perspective and limitations

According to the working group of the National Institutes of
Health Director’s Initiative on Biomarkers and Surrogate
Endpoints, a biomarker is “a characteristic that is objectively
measured and evaluated as an indicator of normal biological
processes, pathogenic processes, or pharmacologic responses
to a therapeutic intervention” [63]. An ideal biomarker has
high specificity and sensitivity, is detectable using minimally
invasive procedures, and its concentration should indicate a
disease state. Circulating miRNAs have a chance to be used
both in diagnostics to assess the status of the disease, predic-
tive information for the outcome of the disease, as well as to
help determine the effectiveness of the treatment when com-
paring experimental groups with control ones. In recent years,
NGS technologies have made it possible to simultaneously
screen thousands of potential biomarkers in the form of circu-
lating miRNAs, which contributes to both the detection of
biosignatures of the expression of specific diseases, including
IAs. Circulating miRNAs can also help in assessing the risk of
rupture of AI, as well as provide information on the molecular
mechanisms underlying LCI arising from vasospasm.

Although the market for miRNAs biomarkers is still in its
infancy, some products are currently available to clinicians,
while others are undergoing preclinical and clinical trials. One
notable example is TAmiRNA: Circulating platelet miRNAs
(thrombomiRs®) are novel biomarkers for intrinsic and on-
treatment platelet reactivity. ThrombomiRs® are secreted
from platelets during their activation and can be detected in
plasma and serum.). Such case studies can provide invaluable
information on the pathway of miRNA biomarkers from dis-
covery to clinical application [64].

The sample type and route of the collection will impact the
ease of use and clinical uptake of circulating miRNAs. Less
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invasive samples, such as blood is often preferred over CSF.
Indeed, circulating miRNAs have been found in almost all
biofluids, however, the use of these less invasive sample types
would depend on the underlying disease. For example, circu-
lating miRNAs in CSF may be useful for the diagnosis of
CNS tumors but may not be useful for tumors in other areas
of the body [65]. Whole blood, serum, and plasma are often
used for biomarker identification as peripheral samples often
contain markers of localized disease. Consideration for dis-
ease pathology and clinical practice must be taken when
looking to translate circulating miRNAs as biomarkers.

Lack of acceptable housekeeping gene(s) for data normal-
ization is also another major limitation. Numerous endoge-
nous miRNAs (e.g., hsa-miR-16) and small nuclear RNAs,
such as RNU6B and RNU48, seem to be the most useful
endogenous control for circulating miRNAs [66]. However,
the expression of some of the endogenous miRNAs can
change depending on the pathology, and the stability of
RNU6B and RNU48 in biological fluids is still in doubt [67,
68]. The quantification of circulating miRNA can be strongly
influenced by miRNA origin (for example, exosomes), and
this can be a source of conflicting results. It should be noted
that circulating miRNAs in plasma or serum can also be con-
taminated with miRNAs from other blood cells and require
careful interpretation. Since a biomarker for SAH should dis-
criminate between hemorrhage caused by ruptured IA or non-
IA, the use of animal models is necessary for further study of
tissue specificity of miRNA.

Finally, well-designed and large-scale prospective studies
are required to validate the diagnostic utility of circulating
miRNAs in early diagnosis of IA or prognosis aSAH. The
studies should evaluate the effect of confounders and other
conventional biomarkers on the diagnostic and prognostic
models to improve the risk stratification rupture IA.
Replication of findings in independent cohorts supported by
experimental animal findings would minimize false-positive
reports and highlight the plausible role of miRNA of interest.
More importantly, efforts to better understand the biological
processes controlling miRNA release and stability are needed.
Although the correlation between circulating and tissue
miRNA is still not clear, increasinglymore data do not support
the hypothesis that circulating miRNA levels reflect the spe-
cific changes that occur in the IA tissue, as miRNAs could
also be derived from other cells like immune cells. However,
from the data presented in this review, two particularly impor-
tant conclusions should be drawn. First, the expression of
circulating miRNAs was significantly altered compared to
healthy controls in patients with ruptured and unruptured
IAs. This finding supports the putative utility of circulating
miRNAs as potential biomarkers for identifying IAs. Second,
differential expression of circulating miRNA levels in
biofluids in patients with IAs with and without daughter blebs
may indicate changes in miRNA profiles at different time

points in the development and progression of the IA. Thus,
the cellular and molecular processes underlying the initiation,
growth, and rupture of an IA can occur in different phases.
Further understanding of the circulating miRNA profiles of
these phases is a means by which one can better distinguish
those aneurysms that are unlikely to rupture from these unsta-
ble IA with pronounced dome weakness. While fully validat-
ed miRNA-based diagnostic assays are available for diseases
such as tumors future research studies are needed to establish
the role of circulating miRNAs as diagnostic, predictive, and
prognostic biomarkers in IAs and aSAH [69].

Table 2 summarized diagnostic, predictive, and prognostic
factors of the individual circulating miRNAs, combined cir-
culating miRNAs panels for patients with unruptured and rup-
tured IAs.

Conclusions

Circulating miRNAs hold great promise as diagnostic, prog-
nostic, or predictive biomarkers in the clinical management of
patients with IAs and aSAH. There is a fast-growing list of the
original reports aimed to address the clinical value of circulat-
ing miRNAs in the diagnosis and prognosis of IAs. The num-
ber of these studies is expected to grow. This indicates a great
interest and substantial potential benefits of circulating
miRNAs in clinical medicine, but it also illustrates an exis-
tence of insufficient knowledge and a lack of conclusive in-
formation to clarify the role of circulating miRNAs in the IAs
diagnosis and prognosis process.

Author contributions IG: Conceptualization, writing of original draft,
review, and editing; OB: investigation and validation; AI, HS, JS, BZ,
BL, GY: Data collection; and SZ: supervision. All authors have read and
agreed to the published version of the manuscript.

Funding This study was funded by Grant of the Republic of
Bashkortostan to young scientists of February 7, 2020, No. CD-43;
National Natural Science Foundations of China (81971135); Natural
Science Foundations of Heilongjiang Province (YQ2020H014); China
Postdoctoral Science Foundation (2019T120284, 2018M631964);
Postdoctoral Science Foundation of Heilongjiang Province (LBH-TZ19).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Rouchaud A, Brandt MD, Rydberg AM, Kadirvel R, Flemming K,
Kallmes DF, Brinjikji W (2016) Prevalence of intracranial aneu-
rysms in patients with aortic aneurysms. AJNR Am J Neuroradiol
37(9):1664–1668. https://doi.org/10.3174/ajnr.A4827

Neurosurg Rev

https://doi.org/10.3174/ajnr.A4827


2. Samaniego EA, Roa JA, Hasan D (2019) Vessel wall imaging in
intracranial aneurysms. J Neurointerv Surg 11(11):1105–1112.
https://doi.org/10.1136/neurintsurg-2019-014938

3. D’Souza S (2015) Aneurysmal subarachnoid hemorrhage. J
Neurosurg Anesthesiol 27(3):222–240. https://doi.org/10.1097/
ANA.0000000000000130

4. Ajiboye N, Chalouhi N, Starke RM, Zanaty M, Bell R (2015)
Unruptured cerebral aneurysms: evaluation and management. Sci
World J 2015:954954–954910. https://doi.org/10.1155/2015/
954954

5. Bor AS, Rinkel GJ, van Norden J, Wermer MJ (2014) Long-term,
serial screening for intracranial aneurysms in individuals with a
family history of aneurysmal subarachnoid haemorrhage: a cohort
study. Lancet Neurol 13:385–392. https://doi.org/10.1016/S1474-
4422(14)70021-3

6. Vlak MH, Rinkel GJ, Greebe P, Greving JP, Algra A (2013)
Lifetime risks for aneurysmal subarachnoid haemorrhage: multivar-
iable risk stratification. J Neurol Neurosurg Psychiatry 84:619–623.
https://doi.org/10.1136/jnnp-2012-303783

7. Macdonald RL, Schweizer TA (2017) Spontaneous subarachnoid
haemorrhage. Lancet 389(10069):655–666. https://doi.org/10.
1016/S0140-6736(16)30668-7

8. Lu TX, Rothenberg ME (2018) MicroRNA. J Allergy Clin
Immunol 141(4):1202–1207. https://doi.org/10.1016/j.jaci.2017.
08.034

9. Wang H, Peng R, Wang J, Qin Z, Xue L (2018) Circulating
microRNAs as potential cancer biomarkers: the advantage and dis-
advantage. Clin Epigenetics 10:59. https://doi.org/10.1186/s13148-
018-0492-1

10. Hou WZ, Chen XL, Wu W, Hang CH (2017) MicroRNA-370-3p
inhibits human vascular smooth muscle cell proliferation via
targeting KDR/AKT signaling pathway in cerebral aneurysm. Eur
Rev Med Pharmacol Sci 21(5):1080–1087

11. Jiang Y, Zhang M, He H, Chen J, Zeng H, Li J, Duan R (2013)
MicroRNA/mRNA profiling and regulatory network of intracranial
aneurysm. BMC Med Genet 6:36. https://doi.org/10.1186/1755-
8794-6-36

12. Guo D, Wang YW, Yan L, Ma J, Han XW, Shui SF (2018)
Dysregulation of microRNA-23b-3p contributes to the develop-
ment of intracranial aneurysms by targeting phosphatase and tensin
homolog. Int JMolMed 42(3):1637–1643. https://doi.org/10.3892/
ijmm.2018.3706

13. Zhao W, Zhang H, Su JY (2018) MicroRNA-29a contributes to
intracranial aneurysm by regulating the mitochondrial apoptotic
pathway. Mol Med Rep 18(3):2945–2954. https://doi.org/10.
3892/mmr.2018.9257

14. Zhang JZ, Chen D, Lv LQ, Xu Z, Li YM, Wang JY, Han KW, Yu
MK, Huang CG, Hou LJ (2018) miR-448-3p controls intracranial
aneurysm by regulating KLF5 expression. Biochem Biophys Res
Commun 505(4):1211–1215. https://doi.org/10.1016/j.bbrc.2018.
10.032

15. Yu G, Liu P, Shi Y, Li S, Liu Y, Fan Z, et al (2019) Stimulation of
endothelial progenitor cells by microRNA-31a-5p to induce endo-
thelialization in an aneurysm neck after coil embolization by mod-
ulating the Axin1-mediated β-catenin/vascular endothelial growth
factor pathway. J Neurosurg 1-9. https://doi.org/10.3171/2019.5.
JNS182901

16. Xu J, Yan S, Tan H, Ma L, Feng H, Han H, Pan M, Yu L, Fang C
(2018) The miR-143/145 cluster reverses the regulation effect of
KLF5 in smooth muscle cells with proliferation and contractility in
intracranial aneurysm. Gene 679:266–273. https://doi.org/10.1016/
j.gene.2018.09.010

17. Wei L,Wang Q, Zhang Y, Yang C, Guan H, Chen Y, Sun Z (2018)
Identification of key genes, transcription factors and microRNAs
involved in intracranial aneurysm. Mol Med Rep 17(1):891–897.
https://doi.org/10.3892/mmr.2017.7940

18. Luo J, Jin H, Jiang Y, Ge H, Wang J, Li Y (2016) Aberrant expres-
sion of microRNA-9 contributes to development of intracranial
aneurysm by suppressing proliferation and reducing contractility
of smooth muscle cells. Med Sci Monit 22:4247–4253. https://
doi.org/10.12659/MSM.897511

19. Bekelis K, Kerley-Hamilton JS, Teegarden A, Tomlinson CR,
Kuintzle R, Simmons N, Singer RJ, Roberts DW, Kellis M,
Hendrix DA (2016) MicroRNA and gene expression changes in
unruptured human cerebral aneurysms. J Neurosurg 125(6):1390–
1399. https://doi.org/10.3171/2015.11.JNS151841

20. Yang X, Peng J, Pang J, Wan W, Chen L (2019) A functional
polymorphism in the promoter region of miR-155 predicts the risk
of intracranial hemorrhage caused by rupture intracranial aneurysm.
J Cell Biochem 120(11):18618–18628. https://doi.org/10.1002/jcb.
28785

21. Kim SH, Weiß C, Hoffmann U, Borggrefe M, Akin I, Behnes M
(2017) Advantages and limitations of current biomarker research:
from experimental research to clinical application. Curr Pharm
Biotechnol 18(6) :445–455. h t tps : / /do i .o rg /10 .2174/
1389201018666170601091205

22. Zaporozhchenko IA, Ponomaryova AA, Rykova EY, Laktionov PP
(2018) The potential of circulating cell-free RNA as a cancer bio-
marker: challenges and opportunities. Expert RevMol Diagn 18(2):
133–145. https://doi.org/10.1080/14737159.2018.1425143

23. Backes C, Meese E, Keller A (2016) Specific miRNA disease bio-
markers in blood, serum and plasma: challenges and prospects. Mol
Diagn Ther 20(6):509–518. https://doi.org/10.1007/s40291-016-
0221-4

24. Aoki T, Nozaki K (2016) Preemptive medicine for cerebral aneu-
rysms. Neurol Med Chir (Tokyo) 56(9):552–568. https://doi.org/
10.2176/nmc.st.2016-0063

25. Sheng B, Lai NS, Yao Y, Dong J, Li ZB, Zhao XT, et al (2018)
Early serummiR-1297 is an indicator of poor neurological outcome
in patients with aSAH. Biosci Rep 38(6). https://doi.org/10.1042/
BSR20180646

26. Sheng B, Fang X, Liu C, Wu D, Xia D, Xu S, Lai N (2018)
Persistent high levels of miR-502-5p are associated with poor neu-
rologic outcome in patients with aneurysmal subarachnoid hemor-
rhage. World Neurosurg 116:e92–e99. https://doi.org/10.1016/j.
wneu.2018.04.088

27. Lai NS, Zhang JQ, Qin FY, Sheng B, Fang XG, Li ZB (2017)
Serum microRNAs are non-invasive biomarkers for the presence
and progression of subarachnoid haemorrhage. Biosci Rep 37(1).
https://doi.org/10.1042/BSR20160480

28. Feng X, Peng F, Zhang B, Wang L, Guo E, Li Y, Jiang C, Wu Z,
Liu A (2018) Lower miR-143/145 and higher matrix
metalloproteinase-9 levels in circulation may be associated with
intracranial aneurysm formation and rupture: a pilot study. Clin
Neurol Neurosurg 173:124–129. https://doi.org/10.1016/j.
clineuro.2018.08.010

29. Wang WH, Wang YH, Zheng LL, Li XW, Hao F, Guo D (2016)
MicroRNA-29a: a potential biomarker in the development of intra-
cranial aneurysm. J Neurol Sci 364:84–89. https://doi.org/10.1016/
j.jns.2016.03.010

30. Meeuwsen JAL, van Hof FNGT, van Rheenen W, Rinkel GJE,
Veldink JH, Ruigrok YM (2017) Circulating microRNAs in pa-
tients with intracranial aneurysms. PLoS One 12(5):e0176558.
https://doi.org/10.1371/journal.pone.0176558

31. Li P, Zhang Q, Wu X, Yang X, Zhang Y, Li Y, Jiang F (2014)
Circulating microRNAs serve as novel biological markers for intra-
cranial aneurysms. J AmHeart Assoc 3(5):e000972. https://doi.org/
10.1161/JAHA.114.000972

32. SupriyaM, Christopher R, Indira Devi B, Bhat DI, Shukla D (2020)
Circulating MicroRNAs as potential molecular biomarkers for in-
tracranial. Mol Diagn Ther 24(3):351–364. https://doi.org/10.1007/
s40291-020-00465-8

Neurosurg Rev

https://doi.org/10.1136/neurintsurg-2019-014938
https://doi.org/10.1097/ANA.0000000000000130
https://doi.org/10.1097/ANA.0000000000000130
https://doi.org/10.1155/2015/954954
https://doi.org/10.1155/2015/954954
https://doi.org/10.1016/S1474-4422(14)70021-3
https://doi.org/10.1016/S1474-4422(14)70021-3
https://doi.org/10.1136/jnnp-2012-303783
https://doi.org/10.1016/S0140-6736(16)30668-7
https://doi.org/10.1016/S0140-6736(16)30668-7
https://doi.org/10.1016/j.jaci.2017.08.034
https://doi.org/10.1016/j.jaci.2017.08.034
https://doi.org/10.1186/s13148-018-0492-1
https://doi.org/10.1186/s13148-018-0492-1
https://doi.org/10.1186/1755-8794-6-36
https://doi.org/10.1186/1755-8794-6-36
https://doi.org/10.3892/ijmm.2018.3706
https://doi.org/10.3892/ijmm.2018.3706
https://doi.org/10.3892/mmr.2018.9257
https://doi.org/10.3892/mmr.2018.9257
https://doi.org/10.1016/j.bbrc.2018.10.032
https://doi.org/10.1016/j.bbrc.2018.10.032
https://doi.org/10.3171/2019.5.JNS182901
https://doi.org/10.3171/2019.5.JNS182901
https://doi.org/10.1016/j.gene.2018.09.010
https://doi.org/10.1016/j.gene.2018.09.010
https://doi.org/10.3892/mmr.2017.7940
https://doi.org/10.12659/MSM.897511
https://doi.org/10.12659/MSM.897511
https://doi.org/10.3171/2015.11.JNS151841
https://doi.org/10.1002/jcb.28785
https://doi.org/10.1002/jcb.28785
https://doi.org/10.2174/1389201018666170601091205
https://doi.org/10.2174/1389201018666170601091205
https://doi.org/10.1080/14737159.2018.1425143
https://doi.org/10.1007/s40291-016-0221-4
https://doi.org/10.1007/s40291-016-0221-4
https://doi.org/10.2176/nmc.st.2016-0063
https://doi.org/10.2176/nmc.st.2016-0063
https://doi.org/10.1042/BSR20180646
https://doi.org/10.1042/BSR20180646
https://doi.org/10.1016/j.wneu.2018.04.088
https://doi.org/10.1016/j.wneu.2018.04.088
https://doi.org/10.1042/BSR20160480
https://doi.org/10.1016/j.clineuro.2018.08.010
https://doi.org/10.1016/j.clineuro.2018.08.010
https://doi.org/10.1016/j.jns.2016.03.010
https://doi.org/10.1016/j.jns.2016.03.010
https://doi.org/10.1371/journal.pone.0176558
https://doi.org/10.1161/JAHA.114.000972
https://doi.org/10.1161/JAHA.114.000972
https://doi.org/10.1007/s40291-020-00465-8
https://doi.org/10.1007/s40291-020-00465-8


33. Morga R, Borczyk M, Korostynski M, Piechota M, Hoinkis D,
Golda S, Dziedzic T, Slowik A, Moskala M, Pera J (2020)
Opposite regulation of piRNAs, rRNAs and miRNAs in the blood
after subarachnoid hemorrhage. J Mol Med (Berl) 98(6):887–896.
https://doi.org/10.1007/s00109-020-01922-x

34. Korostynski M, Morga R, Piechota M, Hoinkis D, Golda S,
Dziedzic T, Slowik A, Moskala M, Pera J (2020) Inflammatory
responses induced by the rupture of intracranial aneurysms are
modulated by miRNAs. Mol Neurobiol 57(2):988–996. https://
doi.org/10.1007/s12035-019-01789-1

35. Yang F, Xing WW, Shen DW, Tong MF, Xie FM (2020) Effect of
miR-126 on intracranial aneurysms and its predictive value for rup-
ture of aneurysms. Eur Rev Med Pharmacol Sci 24(6):3245–3253.
https://doi.org/10.26355/eurrev_202003_20691

36. Powers CJ, Dickerson R, Zhang SW, Rink C, Roy S, Sen CK
(2016) Human cerebrospinal fluid microRNA: temporal changes
following subarachnoid hemorrhage. Physiol Genomics 48(5):
361–366. https://doi.org/10.1152/physiolgenomics.00052.2015

37. Ciurea AV, Palade C, Voinescu D, Nica DA (2013) Subarachnoid
hemorrhage and cerebral vasospasm - literature review. J Med Life
6:120–125

38. Su XW, Chan AH, Lu G, Lin M, Sze J, Zhou JY et al (2015)
Circulating microRNA 132-3p and 324-3p profiles in patients after
acute aneurysmal subarachnoid hemorrhage. PLoS One 10(12):
e0144724. https://doi.org/10.1371/journal.pone.0144724

39. Kikkawa Y, Ogura T, Nakajima H, Ikeda T, Takeda R, Neki H et al
(2017) Altered expression of MicroRNA-15a and Kruppel-like fac-
tor 4 in cerebrospinal fluid and plasma after aneurysmal subarach-
noid hemorrhage. World Neurosurg 108:909–916. e3. https://doi.
org/10.1016/j.wneu.2017.09.008

40. Ye FH, Zhou XM, Zhang JX, Gao H, Jiang JF, Liu N (2017)
Circulating microRNAs act as fingerprints in patients after acute
aneurysmal subarachnoid hemorrhage. Int J Clin Exp Pathol 10(6):
7154–7160

41. Lopes KP, Vinasco-Sandoval T, Vialle RA, Paschoal FM Jr, Bastos
VAPA, Bor-Seng-Shu E, Teixeira MJ, Yamada ES, Pinto P, Vidal
AF, Ribeiro-Dos-Santos A, Moreira F, Santos S, Paschoal EHA,
Ribeiro-Dos-Santos Â (2018) Global miRNA expression profile
reveals novel molecular players in aneurysmal subarachnoid haem-
orrhage. Sci Rep 8(1):8786. https://doi.org/10.1038/s41598-018-
27078-w

42. Bache S, Rasmussen R, Rossing M, Laigaard FP, Nielsen FC,
Møller K (2017) MicroRNA changes in cerebrospinal fluid after
subarachnoid hemorrhage. Stroke 48(9):2391–2398. https://doi.
org/10.1161/STROKEAHA.117.017804

43. Stylli SS, Adamides AA, Koldej RM, Luwor RB, Ritchie DS,
Ziogas J, Kaye AH (2017) miRNA expression profiling of cerebro-
spinal fluid in patients with aneurysmal subarachnoid hemorrhage.
J Neurosurg 126(4):1131–1139. https://doi.org/10.3171/2016.1.
JNS151454

44. Liao B, Zhou MX, Zhou FK, Luo XM, Zhong SX, Zhou YF, Qin
YS, Li PP, Qin C (2019) Exosome-derivedMiRNAs as biomarkers
of the development and progression of intracranial aneurysms. J
Atheroscler Thromb 27:545–610. https://doi.org/10.5551/jat.51102

45. Sun L, ZhangW, Li Z, Li M, Guo J, Wang H, Wang X (2019) The
expression of cerebrospinal fluid exosomal miR-630 plays an im-
portant role in the dysfunction of endothelial cells after subarach-
noid hemorrhage. Sci Rep 9(1):11510. https://doi.org/10.1038/
s41598-019-48049-9

46. Kalani MYS, Alsop E, Meechoovet B, Beecroft T, Agrawal K,
Whitsett TG, Huentelman MJ, Spetzler RF, Nakaji P, Kim S, Van
Keuren-Jensen K (2020) Extracellular microRNAs in blood differ-
entiate between ischaemic and haemorrhagic stroke subtypes. J
Extracell Vesicles 9(1):1713540. https://doi.org/10.1080/
20013078.2020.1713540

47. Lai N,WuD, Liang T, Pan P, Yuan G, Li X, Li H, Shen H,Wang Z,
Chen G (2020) Systemic exosomal miR-193b-3p delivery attenu-
ates neuroinflammation in early brain injury after subarachnoid
hemorrhage in mice. J Neuroinflammation 17(1):74. https://doi.
org/10.1186/s12974-020-01745-0

48. Li M, Zhang J (2015) Circulating MicroRNAs: potential and
emerging biomarkers for diagnosis of cardiovascular and cerebro-
vascular diseases. Biomed Res Int 2015:730535–730539. https://
doi.org/10.1155/2015/730535

49. Vacante F, Denby L, Sluimer JC, Baker AH (2019) The function of
miR-143, miR-145 and the MiR-143 host gene in cardiovascular
development and disease. Vasc Pharmacol 112:24–30. https://doi.
org/10.1016/j.vph.2018.11.006

50. Zhao W, Zhao SP, Zhao YH (2015) MicroRNA-143/−145 in car-
diovascular diseases. Biomed Res Int 2015:531740–531749.
https://doi.org/10.1155/2015/531740

51. Welten SM, Goossens EA, Quax PH, Nossent AY (2016) The
multifactorial nature of microRNAs in vascular remodelling.
Cardiovasc Res 110(1):6–22. https://doi.org/10.1093/cvr/cvw039

52. Zhou Z, Schober A, Nazari-Jahantigh M (2018) Dicer promotes
endothelial recovery and limits lesion formation after vascular in-
jury through miR-126-5p. Int J Cardiol 273:199–202. https://doi.
org/10.1016/j.ijcard.2018.09.006

53. Li SN, Li P, Liu WH, Shang JJ, Qiu SL, ZhouMX, Liu HX (2019)
Danhong injection enhances angiogenesis after myocardial infarc-
tion by activating MiR-126/ERK/VEGF pathway. Biomed
Pharmacother 120:109538. https://doi.org/10.1016/j.biopha.2019.
109538

54. Huang W, Huang M, Ouyang H, Peng J, Liang J (2018) Oridonin
inhibits vascular inflammation by blocking NF-κB and MAPK ac-
tivation. Eur J Pharmacol 826:133–139. https://doi.org/10.1016/j.
ejphar.2018.02.044

55. Crobeddu E, Pilloni G, Tardivo V, Fontanella MM, Panciani PP,
Spena G, Fornaro R, Altieri R, Agnoletti A, Ajello M, Zenga F,
Ducati A, Garbossa D (2016) Role of nitric oxide and mechanisms
involved in cerebral injury after subarachnoid hemorrhage: is nitric
oxide a possible answer to cerebral vasospasm? J Neurosurg Sci
60(3):385–391

56. Li HT, Wang J, Li SF, Cheng L, Tang WZ, Feng YG (2018)
Upregulation of microRNA-24 causes vasospasm following sub-
arachnoid hemorrhage by suppressing the expression of endothelial
nitric oxide synthase. Mol Med Rep 18(1):1181–1187. https://doi.
org/10.3892/mmr.2018.9050

57. Pulcrano-Nicolas AS, Proust C, Clarençon F, Jacquens A, Perret C,
Roux M, Shotar E, Thibord F, Puybasset L, Garnier S, Degos V,
Trégouët DA (2018)Whole-bloodmiRNA sequencing profiling for
vasospasm in patients with aneurysmal subarachnoid hemorrhage.
Stroke 49(9):2220–2223. https://doi.org/10.1161/STROKEAHA.
118.021101

58. An JY, Zhou LL, Sun P, PangHG, Li DD, Li Y, ZhangM, Song JN
(2015) Role of the AMPK signaling pathway in early brain injury
after subarachnoid hemorrhage in rats. Acta Neurochir 157(5):781–
792. https://doi.org/10.1007/s00701-015-2370-3

59. Rahmati S, Shojaei F, Shojaeian A, Rezakhani L, Dehkordi MB
(2019) An overview of current knowledge in biological functions
and potential theragnostic applications of exosomes. Chem Phys
Lipids 104836. https://doi.org/10.1016/j.chemphyslip.2019.
104836

60. Feng Z, Zhang X, Li L, Wang C, Feng M, Zhao K, et al (2019)
Tumor-associated macrophage-derived exosomal microRNA-155-
5p stimulates intracranial aneurysm formation and macrophage in-
filtration. Clin Sci (Lond). https://doi.org/10.1042/CS20190680

61. Zheng B, Yin WN, Suzuki T, Zhang XH, Zhang Y, Song LL, Jin
LS, Zhan H, Zhang H, Li JS, Wen JK (2017) Exosome-mediated
miR-155 transfer from smooth muscle cells to endothelial cells

Neurosurg Rev

https://doi.org/10.1007/s00109-020-01922-x
https://doi.org/10.1007/s12035-019-01789-1
https://doi.org/10.1007/s12035-019-01789-1
https://doi.org/10.26355/eurrev_202003_20691
https://doi.org/10.1152/physiolgenomics.00052.2015
https://doi.org/10.1371/journal.pone.0144724
https://doi.org/10.1016/j.wneu.2017.09.008
https://doi.org/10.1016/j.wneu.2017.09.008
https://doi.org/10.1038/s41598-018-27078-w
https://doi.org/10.1038/s41598-018-27078-w
https://doi.org/10.1161/STROKEAHA.117.017804
https://doi.org/10.1161/STROKEAHA.117.017804
https://doi.org/10.3171/2016.1.JNS151454
https://doi.org/10.3171/2016.1.JNS151454
https://doi.org/10.5551/jat.51102
https://doi.org/10.1038/s41598-019-48049-9
https://doi.org/10.1038/s41598-019-48049-9
https://doi.org/10.1080/20013078.2020.1713540
https://doi.org/10.1080/20013078.2020.1713540
https://doi.org/10.1186/s12974-020-01745-0
https://doi.org/10.1186/s12974-020-01745-0
https://doi.org/10.1155/2015/730535
https://doi.org/10.1155/2015/730535
https://doi.org/10.1016/j.vph.2018.11.006
https://doi.org/10.1016/j.vph.2018.11.006
https://doi.org/10.1155/2015/531740
https://doi.org/10.1093/cvr/cvw039
https://doi.org/10.1016/j.ijcard.2018.09.006
https://doi.org/10.1016/j.ijcard.2018.09.006
https://doi.org/10.1016/j.biopha.2019.109538
https://doi.org/10.1016/j.biopha.2019.109538
https://doi.org/10.1016/j.ejphar.2018.02.044
https://doi.org/10.1016/j.ejphar.2018.02.044
https://doi.org/10.3892/mmr.2018.9050
https://doi.org/10.3892/mmr.2018.9050
https://doi.org/10.1161/STROKEAHA.118.021101
https://doi.org/10.1161/STROKEAHA.118.021101
https://doi.org/10.1007/s00701-015-2370-3
https://doi.org/10.1016/j.chemphyslip.2019.104836
https://doi.org/10.1016/j.chemphyslip.2019.104836
https://doi.org/10.1042/CS20190680


induces endothelial injury and promotes atherosclerosis. Mol Ther
25:1279–1294. https://doi.org/10.1016/j.ymthe.2017.03.031

62. Emanueli C, Shearn AI, Angelini GD, Sahoo S (2015) Exosomes
and exosomal miRNAs in cardiovascular protection and repair.
Vasc Pharmacol 71:24–30. https://doi.org/10.1016/j.vph.2015.02.
008

63. Strimbu K, Tavel JA (2010) What are biomarkers? Curr Opin HIV
AIDS 5(6) :463–466 . h t tps : / /do i .o rg /10 .1097 /COH.
0b013e32833ed177

64. Willeit P, Zampetaki A, Dudek K, Kaudewitz D, King A, Kirkby
NS, Crosby-Nwaobi R, Prokopi M, Drozdov I, Langley SR,
Sivaprasad S, Markus HS, Mitchell JA, Warner TD, Kiechl S,
Mayr M (2013) Circulating microRNAs as novel biomarkers for
platelet activation. Circ Res 112(4):595–600. https://doi.org/10.
1161/CIRCRESAHA.111.300539

65. Mattox AK, Yan H, Bettegowda C (2019) The potential of cerebro-
spinal fluid-based liquid biopsy approaches in CNS tumors. Neuro-
Oncology 21(12):1509–1518. https://doi.org/10.1093/neuonc/
noz156

66. Donati S, Ciuffi S, Brandi ML (2019) Human circulating miRNAs
real-time qRT-PCR-based analysis: an overview of endogenous

reference genes used for data normalization. Int J Mol Sci 20(18):
4353. https://doi.org/10.3390/ijms20184353

67. Schlosser K, McIntyre LA, White RJ, Stewart DJ (2015)
Customized internal reference controls for improved assessment
of circulating MicroRNAs in disease. PLoS One 10(5):e0127443.
https://doi.org/10.1371/journal.pone.0127443

68. Xiang M, Zeng Y, Yang R, Xu H, Chen Z, Zhong J, Xie H, Xu Y,
Zeng X (2014) U6 is not a suitable endogenous control for the
quantification of circulating microRNAs. Biochem Biophys Res
Commun 454(1):210–214. https://doi.org/10.1016/j.bbrc.2014.10.
064

69. Bottani M, Banfi G, Lombardi G (2019) Circulating miRNAs as
diagnostic and prognostic biomarkers in common solid tumors:
focus on lung, breast, prostate cancers, and osteosarcoma. J Clin
Med 8(10):1661. https://doi.org/10.3390/jcm8101661

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Neurosurg Rev

https://doi.org/10.1016/j.ymthe.2017.03.031
https://doi.org/10.1016/j.vph.2015.02.008
https://doi.org/10.1016/j.vph.2015.02.008
https://doi.org/10.1097/COH.0b013e32833ed177
https://doi.org/10.1097/COH.0b013e32833ed177
https://doi.org/10.1161/CIRCRESAHA.111.300539
https://doi.org/10.1161/CIRCRESAHA.111.300539
https://doi.org/10.1093/neuonc/noz156
https://doi.org/10.1093/neuonc/noz156
https://doi.org/10.3390/ijms20184353
https://doi.org/10.1371/journal.pone.0127443
https://doi.org/10.1016/j.bbrc.2014.10.064
https://doi.org/10.1016/j.bbrc.2014.10.064
https://doi.org/10.3390/jcm8101661

	Diagnostic and prognostic potential of circulating miRNAs for intracranial aneurysms
	Abstract
	Introduction
	Literature research strategy
	Circulating miRNAs as biomarkers
	Circulating miRNAs for unruptured and ruptured IAs
	Circulating miRNAs and vasospasm
	Exosomal miRNAs and IAs

	Future perspective and limitations
	Conclusions
	References


